A combined experimental and theoretical study shows that the photooxidative activity of two isostructural metal oxide clusters depends on their internal templates. To this end, two halide-templated bismuth vanadium oxide clusters [X(Bi(dmso) precursors. [3c,4] POM assembly is often directed by anionic templates such as halides [a] 
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Johannes Tucher [a] , Katrin Peuntinger [b] , Johannes T. Margraf [b] , [c] , Timothy Clark [c] , Dirk M. Guldi [b] * , Carsten Streb [3c,4] POM assembly is often directed by anionic templates such as halides or oxo-anions. [5] This modular approach has allowed the application-driven development of a wide range of functional clusters. [3a,3b,6] Pioneered by the groups of Hill, Papaconstantinou, Yamase, and others, several tungstenbased POMs have been employed as selective photocatalysts for technologically important oxidations of alkanes, alkenes, alcohols, etc. [7] POM photocatalysts operate by a common mechanism: irradiation into a ligand-to-metal charge-transfer (LMCT) band results in the formation of oxo-centered radicals that oxidize substrates directly or via formation of hydroxyl radicals. [7b,7d,8] However, as the LMCT bands of typical W-and Mo-based POMs lie in the UVregion, their visible-light photocatalytic activity, and, in turn, their potential for solar-energy utilization, is limited. [8] New synthetic approaches combined with a more detailed theoretical understanding are therefore required to lay the foundations for optimized visible-light photoreactivity. [7b,9] To address these challenges, we have used experimental and theoretical studies to optimize the VIS-photoactivity of POMs. Initial studies showed that structural [10] and/or chemical [9a,11] cluster modification by incorporating heterometals are promising routes: taking inspiration from well-known solid-state visible-light photocatalysts such as BiVO4, [12] we developed the first molecular bismuth vanadate [H3(Bi(dmso)3)4V13O40]. [11] The cluster showed improved visible light absorption (up to ca. 500 nm), and promising photooxidative performance. [11] In the present study, we show that the photooxidative activity of bismuth vanadium oxide clusters is tunable by varying the central anionic template. This approach has not been investigated before, although template modification is a well-established synthetic method in vanadium oxide cluster research and a wide range of templates such as halides, oxoanions and others have been incorporated in vanadate shells. [5, 13] Here, we present the synthesis, photocatalytic activity and photophysical analysis of two and NaX in dimethyl sulfoxide (DMSO). The materials were obtained as single crystals (yield:
61 % (1); 50 % (2)) by diffusion of ethyl acetate into the mother liquor. Structural analysis using single-crystal X-ray diffraction shows that the clusters are virtually isostructural, and are closely related to a cerium vanadium oxide cluster that we recently reported. [14] Bi III (dmso)3 unit. Structural analyses reveal that the clusters are chiral and both enantiomers are observed in the crystal lattice ( Fig. 1 and SI) . The cluster chirality can be related to the three Z-or S-shaped tetranuclear {V4} building units that make up the vanadium oxide framework of the clusters. The {V4} units are chiral and C2-symmetric, their assembly around the central halide consequently gives a chiral, C2-symmetric cluster. [14] UV-Vis spectroscopy gave initial insight into the consequences of template variation: 1 and 2 show similar absorption features, which include two distinct LMCT transitions centered at 338 and 446 nm (Fig. 1) . Higher extinction coefficients are observed for 1 (X = Cl -) compared with 2 (X = Br -). The low-energy LMCT bands tail off in the visible region up to ca. 570 nm.
Comparison with the prototype non-functionalized vanadate [H3V10O28] 3-reveals that the bismuth vanadates feature a significantly enhanced visible-light absorption.
To determine the nature of these absorption bands, we performed time-dependent densityfunctional theory (DFT) calculations using the LC-BP68 functional (see the Supporting Information for computational details and references). These calculations confirm that the excitation energies are independent of the halide templates. Natural transition orbital and electron density difference analyses confirm the LMCT character of the absorption bands, mainly involving O to V charge transfer (see SI).
The photochemical reactivity of 1 and 2 was probed using photooxidation of the model dye indigo (Ind) as test reaction. All reactions were performed under de-aerated conditions to avoid oxygen-dependent autoxidation. [15] The clusters (1.0 µM) and the substrate Ind Under identical conditions, faster dye photooxidation is observed for the bromide-templated cluster 2 compared with the chloride-templated cluster 1, see Fig. 2 . Observed rate constants (kobs) were determined using a pseudo-first-order model. It should, however, be noted that these rates do not allow any direct implications regarding the actual reaction mechanism. The observed rates were kobs,1 = 44.4 (± 0.8) x 10 -3 min -1 and kobs,2 = 66.2 (± 3.6) x 10 -3 min -1 . The corresponding turnover frequencies (TOF) were ca. 1.81 min -1 for 2 and ca. 1.45 min -1 for 1.
Both clusters reached turnover numbers (TON) in excess of 1600. Although the exact photochemical mechanism of indigo oxidation by 1 and 2 remains unknown, we opted to determine the observed quantum efficiencies obs of 1 and 2 for the indigo photooxidation as a function of irradiation wavelength in order to gain a better understanding of the differences in cluster photoactivity. [16] At the different irradiation wavelengths employed (390, 410, 430 , and 450 nm), significantly higher observed quantum efficiencies were found for 2 compared with 1 (Fig. 2) , confirming that under the given reaction conditions, 2 is the more effective photocatalyst. Furthermore, decreasing quantum efficiencies for 1 and 2 were observed at longer irradiation wavelengths -this finding correlates well with the decrease in absorptivity of 1 and 2 on going from the UV to the visible part of the spectrum.
Femto-and nanosecond transient absorption measurements were performed to gain insight into the different photoactivities. Photoexcitation of 1 and 2 at 387 nm leads to an instantaneous bleaching of the ground-state absorption between 435 and 480 nm, see Fig. 3 and SI. Ground-state bleaching implies the depopulation of the ground state and formation of the singlet excited LMCT state, which absorbs between 480 to 700 nm and gives rise to maxima at 530 and 630 nm (Fig. 4 and SI) . Multi-wavelength analyses reveal that both the ground-state bleaching and the singlet excited state transients are short lived and decay with lifetimes of 1 to 3 ps for 1 and 2. As a consequence, a rather broad, but weak transient develops in the range between 480 and 560 nm. A likely interpretation is an intersystem crossing (ISC) to form the corresponding triplet excited LMCT and/or inter-valence-chargetransfer (IVCT) state. To probe the fate of the triplet excited states, complementary nanosecond transient absorption experiments were performed. These revealed a bleaching of the transient in the 480 to 560 nm range, which suggests decay of the triplet excited state (Fig. 4) . Simultaneously, the formation of an even longer transient in the region from 560 to beyond 800 nm evolves. The latter is due to the formation of a radical-ion-pair state involving DMF as electron donor and 1 or 2 as electron acceptors. [17] This type of electron-transfer is well documented, e.g. for fullerenes. [18] In our case, the decay of the triplet excited state for 1 and 2 is strictly monoexponential with lifetimes of 20 ns, see Fig. 4 . As time progresses, the one-electron reduced species of 1 and 2 are formed, and IVCT-based absorption features are observed in the differential absorption spectra. [19] Notably, the radical anion of 2 is stable well beyond the 1 ms range, while for 1 a lifetime of only 640 µs is observed, see SI.
To rationalize the differences in the excited state dynamics and photoreactivity of 1 and 2, we performed complementary DFT calculations. The calculated electron affinities of 1 and 2 in DMF are 4.69 and 4.68 eV, respectively. It is known for POMs that this property correlates with the size of the cluster cage and the total cluster charge, but is independent of the embedded anions. [20] The vertical S0-T0 energy gaps were found to be 1.49 (1) and 1.53 eV (2).
Thus, both POMs feature low-lying triplet excited states, which are known to be associated with their photocatalytic activity. [7d] Based on the structural and photophysical results, we suggest that the higher photocatalytic activity of 2 is based on the more efficient intersystem crossing (ISC) between the singlet and the triplet excited state for the bromide-templated species 2. [21] This is plausible because the heavy bromide template in 2 favors spin-orbitcoupling relative to the lighter chloride template in 1 (heavy-atom effect). [22] DFT calculations illustrate the nature of this triplet state. Its spin density is delocalized over all vanadium ions and the oxo ligands directly connected to Bi, as well as the oxygen atoms of the DMSO ligands, see SI. Overall, the exchange of chloride with bromide has a notable impact on the efficiency of triplet excited state formation, while the electronic structure is otherwise mostly dictated by the metal oxide cage. In summary, it is shown that template exchange in isostructural bismuth vanadium oxide clusters can be used to tune their photooxidative performance. Spectroscopic and kinetic evidence and DFT calculations suggest that the catalytically active state is of triplet multiplicity.
The increased photooxidative activity of the bromide-templated cluster can therefore be initially explained by the heavy-atom effect of the bromide, which leads to more efficient triplet excited state formation and faster dye photooxidation. Future work will be aimed at extending the cluster application to technologically important photooxidations such as visible-light driven selective alcohol oxidations and C-H-activations. Further experimental, spectroscopic and computational analyses will be performed to evaluate the general concept of templatedependent photoreactivity-tuning in POMs.
Experimental Section
Detailed experimental information is provided in the SI.
